Picosecond coherent anti-Stokes Raman spectroscopy (CARS) is used to study vibrational energy loading and relaxation kinetics in nitrogen and air ns pulsed non-equilibrium plasmas, in both plane-to-plane and pin-to-pin geometries. In 10 kHz repetitively pulsed plane-to-plane plasmas, up to ∼50% of coupled discharge power is found to load vibrations, in good agreement with a master equation kinetic model. In the pin-to-pin geometry, ∼40% of total discharge energy in a single pulse in air at 100 Torr is found to couple directly to nitrogen vibrations by electron impact, also in good agreement with model predictions. Post-discharge, the total quanta in vibrational levels v = 0-9 is found to increase by ∼60% in air and by a factor of ∼3 in nitrogen, respectively, a result in direct contrast to modelling results which predict the total number of quanta to be essentially constant until ultimately decaying by V-T relaxation and mass diffusion. More detailed comparison between experiment and model show that the vibrational distribution function (VDF) predicted by the model during, and directly after, the discharge pulse is in good agreement with that determined experimentally. However, for time delays exceeding ∼1 µs, the experimental VDF shows populations of vibrational levels v 2 greatly exceeding modelling results, which predict their predominant decay due to net downward V-V transfer and corresponding increase in v = 1 population. This is at variance with the experimental results, which show a significant monotonic increase in the populations of levels v = 2-9 at t ∼ 1-10 µs after the discharge pulse, both in nitrogen and air, before gradually switching to relaxation at t ∼ 10-100 µs. It is concluded that a collisional process is likely feeding high vibrational levels at a rate which is comparable to the rate at which population of the high levels is lost due to net downward V-V energy transfer. A likely candidate for the source of additional vibrational quanta is quenching of metastable electronic states of nitrogen to highly excited vibrational levels of the ground electronic state. The effect of electronic-vibrational (E-V) coupling on time-resolved N 2 vibrational populations and temperature, estimated using a phenomenological E-V energy transfer model, provides qualitative interpretation of the present experimental results.
Introduction
There is an increasing recent interest in the study of nanosecond pulsed non-equilibrium molecular plasmas due to their utility for a wide variety of potential applications such as plasma assisted combustion (Starikovskii 2005 , Starikovskaya 2006 , electric discharge laser development (Adamovich et al 2008) , and plasma flow control (Roupassov et al 2009 , Little et al 2012 , Nishihara et al 2011 . Despite this utility, fundamental questions remain concerning the relative partitioning of plasma input power into translational energy, molecular dissociation, and internal energy states, both electronic and vibrational, as well the importance and rates of key processes dominating heavy species thermalization subsequent to plasma decay. As one recent example of the importance of developing quantitative knowledge of such energy partitioning, Uddi et al (2009a) reported absolute, time-resolved, laser induced fluorescence measurements of NO in low temperature, planeto-plane ns discharges in air and fuel-air mixtures. These results demonstrate that NO formed after the discharge pulse increases much faster than predicted by thermal Zel'dovich reaction mechanism but much slower compared to reactions of electronically excited molecules and atoms, suggesting that chemical reactions of vibrationally excited nitrogen may play a dominant role. In another recent study, Starikovskiy et al (2012) have reported anomalously long lifetime of the hydroxyl radical (OH), as determined by laser induced fluorescence, in low temperature, atmospheric pressure, pointto-point ns discharges in a variety of fuel-air mixtures. It was suggested that vibrational excitation of nitrogen, followed by vibration-vibration (V-V) energy transfer to the peroxy radical (HO 2 ) and subsequent HO 2 (v) dissociation, results in a net mitigation of the conventional low temperature combustion termination process H + O 2 + M → HO 2 .
Motivated by these studies, this paper presents results of a new study of vibrational excitation and decay in nanosecond pulsed discharges, including both plane-to-plane and point-to-point geometries, using coherent anti-Stokes Raman spectroscopy (CARS). The work is similar, in many respects, to that of Devyatov et al (1986) who reported CARS measurements of vibrational levels v = 0-4 in a 200 ns duration pulsed discharge in nitrogen at 60 Torr. Of particular relevance to this work, Devyatov et al found that an observed rise in relative populations of vibrational levels v = 2 and v = 3, which reached a maximum ∼1-2 µs after the discharge pulse, could not be explained solely by V-V transfer. This, in combination with an observed rise in the fraction of discharge coupled energy stored in vibrations, from ∼30% to a maximum of 40% ∼1 µs after the pulse, led to the conclusion that the energy pooling process N 2 (A 3 ) + N 2 (A 3 ) → N 2 (C 3 ) + N 2 (X 1 , v) was adding additional vibrational quanta to the nitrogen vibrational mode. More recently, Messina et al (2007) used CARS to demonstrate significant vibrational loading in an atmospheric pressure, nanosecond pulse, point-to-point discharge. They reported, based on observation of vibrational levels v = 0-2, an increase in N 2 vibrational temperature, T v , in air plasmas at time delays exceeding approximately 1 µs after discharge initiation, reaching a maximum at ∼50 µs delay. Messina suggested that the increase in T v could be due to ion-molecule reactions. However, in a follow-on paper (Abbate et al 2008) , master equation modelling was performed taking into account V-V transfer from vibrational levels higher than v = 2, and qualitative agreement with the results by Messina et al was found. In addition, very strong nonequilibrium was clearly observed with rotational temperature, also determined by CARS, being much less than T v under all conditions. In a similar vein, Filimonov and Borysow (2007) have reported scanning CARS measurements in a 1 µs duration pulsed nitrogen glow discharge at 5 Torr. Again, very significant vibrational non-equilibrium was observed, which was characterized by two vibrational temperatures, one is a 'first level temperature' based on the ratio of populations of levels v = 0 and v = 1, and the other based on a near Boltzmann distribution of levels higher then v = 1. In addition, a large rise in rotational temperature was observed in the afterglow, approximately 80 µs after the discharge pulse. This was attributed to superelastic collisions between vibrationally excited nitrogen and residual electrons, with subsequent energy transfer to rotation. More recently, Lo et al (2012) have used spontaneous Raman scattering to study vibrational loading in a ns pulsed atmospheric pressure filament discharge using a point-to-plane geometry. The use of spontaneous Raman scattering enabled the detection of many more vibrational levels (up to v ∼ 20) . Again, very strong non-equilibrium was observed, which was characterized by 'first level' and 'greater than v = 1' vibrational temperatures. Both vibrational temperatures were found to greatly exceed the rotational temperature for delays in the range 0.1-10 µs, after which the rotational temperature was observed to increase and vibrational temperatures decrease, reaching approximately equal values at ∼100 µs. A small increase in the first level vibrational temperature was observed in the range 1-10 µs, whereas the higher v level vibrational temperature was found to monotonically decrease.
The present work, which is a follow-on to initial studies reported by Pendleton et al (2012) , presents new CARS data on rotational temperature and vibrational distribution function (VDF) in nanosecond pulse discharges in nitrogen and air, both in a repetitively pulsed discharge in plane-toplane geometry and in a single-pulse discharge in point-topoint, diffuse filament geometry. By using a new broadband dye laser mixture (Tedder et al 2011) , up to 20 vibrational levels could be probed, although only levels v = 0-9 were found to have populations above the detection limit. The experimental temporal evolution of rotational temperature and nitrogen VDF is compared to predictions of a coupled master equation/plasma chemistry kinetic model. It is found that approximately 30% of energy coupled to a single filament discharge in nitrogen at P = 100 Torr is initially deposited into vibrational excitation, with the balance going primarily to excitation of electronic states, along with a smaller portion into nitrogen dissociation. However, at time delays of approximately 100 µs after the discharge pulse, the total stored vibrational energy is found to be approximately 75% of the discharge input energy, indicating that quenching of initially excited electronic states of nitrogen likely results in significant additional loading of vibrations of the ground electronic state, consistent with the finding of Devyatov et al .
Experimental

Discharge cells
The experiments conducted for this study were performed in two different discharge cells, a plane-to-plane dielectric barrier discharge, used previously for plasma assisted combustion (PAC) kinetic studies , Choi et al 2011 , in which gases can be preheated to temperatures up to 600 K, and a new variable pressure, diffuse single filament pin-to-pin discharge which utilizes a pair of spherical copper electrodes 7.5 mm in diameter. Figure 1 shows a schematic of the ns pulse discharge in plane-to-plane geometry, which is similar to that used in our other previous work . The discharge was sustained in dry air slowly flowing through a rectangular cross section quartz channel (220 mm long × 22 mm span × 10 mm height), with two rectangular copper plate electrodes, 14 mm wide and 65 mm long, attached to the outside surface of the channel. The flow velocity through the reactor is approximately 40 cm s −1 , which is chosen so that the flow barely moves during one burst ( t = 5 ms) but refreshes the discharge volume between successive discharge bursts ( t = 200 ms). The electrodes are separated from the plasma by the quartz channel walls, 1.75 mm thick. The electrode plates are rounded at the corners to reduce the electric field non-uniformity, and covered with a silicone rubber adhesive to prevent corona formation outside the channel. The entire discharge section is placed in an optical access furnace, enabling preheating of gas mixtures to temperatures up to 600 K. The electrodes are powered using an FID GmbH generator producing 30 kV pulses of 5-10 ns duration and pulse repetition rate of up to ν = 100 kHz. Figure 8 , to be discussed in greater detail in section 4, shows a typical high-voltage pulse waveform. Figure 2 shows a collage of single pulse plasma images taken during a nanosecond pulse burst produced in air at P = 100 Torr and pulse repetition rate of ν = 10 kHz. The images were taken using a gated PI-MAX ICCD camera with a UV lens (UV-Nikkor 105 mm f/4.5, Nikon), with a 1 µs gate. Broadband emission from the air plasma at these conditions is dominated by nitrogen second positive system bands, with emission decay time of about 10 ns . From figure 2, it can be seen that although the first few discharge pulses exhibit some non-uniform filamentary structure, the non-uniformity is substantially reduced during the subsequent pulses, such that the plasma appears diffuse and uniform, filling the entire volume between the electrodes.
The diffuse, variable pressure, single filament discharge was specifically designed to enable studies in a stable, reproducible, point-to-point geometry with filament dimensions sufficiently small to achieve significant specific energy loading (∼hundred's of meV/molecule) yet large enough to readily enable optical diagnostic studies and to reduce mass diffusion effects. Figure 3 shows a rendering of the point-to-point geometry discharge cell, which utilized bare spherical electrodes 7.5 mm in diameter, made of copper. The electrode gap is 1 cm. The electrodes are powered using a custom-made OSU pulsed plasma generator producing 10 kV peak voltage pulses ∼100 ns duration, at pulse repetition rates of up to ν = 10 kHz. In the present work, the pulser is operated at ν = 50 Hz with a flow velocity of ∼0.25 m s −1 corresponding to flow residence time in the cell of approximately 20 ms, such that the flow in the cell experiences only 1-2 discharge pulses. In the present Figure 4 . ICCD camera images of nanosecond pulse discharge plasma in air sustained by the OSU pulser; P = 100 Torr, ν = 50 Hz, camera gate 100 ns. Left: during the pulse (single pulse), right: 1 µs after the pulse (30-pulse average).
work, the point-to-point discharge was operated in air and pure nitrogen, at ambient temperature and 100 Torr pressure. Five different power loading conditions were utilized, as summarized in table 1. While the current, power, and coupled energy are varied significantly, the discharge peak voltage remains relatively constant, approximately 10 kV in nitrogen and 9 kV in air. Typical voltage, current, and coupled energy waveforms for the high power air case, entry #5 in table 1, are given in figure 16 (see section 4). Figure 4 shows ICCD images of the pin-to-pin air plasma taken at P = 100 Torr, for the high power loading condition (entry 5 in table 1), using a 100 ns camera gate. In figure 4 , the left image is taken during the discharge pulse and the right image is taken 1 µs after the pulse. It can be seen that the discharge pulse produces a diffuse and stable plasma filament approximately 2 mm in diameter, which rapidly expands to approximately 4 mm in diameter. Similar results, including filament expansion from ≈2 mm to ≈4 mm diameter, were obtained in a high power loading discharge in nitrogen (entry 3 in table 1). Knowing the filament diameter is critical for evaluating the discharge pulse energy loading per molecule, as will be discussed in more detail in section 4.
Picosecond CARS diagnostic system
Picosecond CARS spectroscopy is a four-wave mixing spectroscopic technique which has been used extensively for thermometry and species concentration measurements of combustion and other gas phase reacting and non-reacting flows (Eckbreth 1988 , Roy et al 2010 and as such will be only summarized here. Simply stated, CARS involves the interaction of three input photons, termed pump, Stokes, and probe, with a molecule, resulting in the generation of a signal photon. If the pump/Stokes photons have a frequency difference corresponding to an internal degree of freedom (generally rotational or vibrational), a strong coherent (laserlike), 'resonant' signal is produced in a direction determined by what is known as the 'phase-matching' criteria. All data presented in this work used vibrational Q-branch ( J = 0) transitions.
The resonant CARS signal intensity scales linearly with the intensity of each of the three laser beams and quadratically with what is known as the CARS susceptibility, I CARS ≺ χ 2 CARS I Pump I Stokes I Probe , where χ CARS scales linearly with the number density difference of the ground and excited quantum states of the probed species, in this case nitrogen, in specific ro-vibrational quantum levels. Note that for this work the spontaneous Raman cross section is assumed to scale as v + 1, which is rigorously true for harmonic oscillator wave functions. However for N 2 , even for vibrational levels as high as v = 9 which are detected in this work, the anharmonicity correction to the v +1 scaling is small (Lo et al 2012) . These dependences are accounted for in the data processing which occurs in three primary steps. First the raw CARS intensity is normalized by a non-resonant background (NRB) spectrum captured in an external cell of argon, which accounts, primarily, for the variation of the intensity profile of the broadband Stokes laser although it also accounts for variation in the product of the pump and probe laser beams intensities. It was experimentally determined that the average NRB profile was very stable over the course of a day, so one 600-shot average NRB spectrum was used to normalize the data captured each day. After raw data normalization, the square root of the intensity is taken to account for the quadratic dependence on number density. Finally, the VDF and/or rotational temperature are extracted from the normalized spectra by least-squares fitting. For VDF measurements, as will be discussed in more detail in section 4, a numerical integration approach is used. For rotational temperature, the Sandia National Laboratories CARSFIT program (Palmer 1989 ) is used.
For the diffuse single filament work, the folded BoxCARS phase-matching geometry was employed, as illustrated in figure 5. The Nd : YAG laser (Ekspla SL-333) outputs pulses of approximately 150 ps duration, with a maximum energy of ∼120 mJ/pulse at the 532 nm 2nd harmonic wavelength. A portion of this beam is used to pump the modeless dye laser used in our previous work . The remaining green light is split with a 50 : 50 non-polarized beam splitter, forming the pump and probe beams. Stokes and CARS beams are located in the horizontal centre of the lenses and separated in the vertical dimension.
After re-collimation, dichroic mirrors isolate the CARS signal beam which is then directed into a 0.75 m grating spectrometer. At the spectrometer exit plane a 2.3× relay lens magnification system is used to image the dispersed CARS signal onto a CCD (Andor Newton EM-CCD) camera. The combination of the 2.3× magnification and 3600 lpmm grating results in a spectral resolution of ∼0.4 cm −1 , which is sufficient to partially resolve the rotational structure in the room temperature Q-branch spectra of nitrogen, as will be demonstrated in section 4. For VDF measurements, a lower dispersion grating (600 lpmm) was used in order to provide greater wavelength coverage.
The longitudinal spatial resolution for the BoxCARS geometry was measured by traversing a microscope cover glass (∼100 µm thick) through the focal region on a micrometer stage and recording the NRB intensity produced from the glass. The results of this measurement are shown in figure 6, which indicates that 95% of the signal generated comes from a segment ∼0.5 mm long. The transverse spatial resolution is estimated to be on the order of 50 µm, although it was not measured directly.
For the plane-to-plane discharge measurements the CARS diagnostic was essentially identical to that described above except that in this case, in order to generate increased signal, the Unstable Resonator Spatially Enhanced Detection (USED) CARS phase-matching geometry was employed Rimai 1979, Klick et al 1981) . Scanning slide measurements, similar to that of figure 6, indicated a 95% longitudinal measurement resolution of ∼2 mm.
The broadband Stokes beam is generated from an inhouse fabricated dye laser, patterned after Roy et al (2005) , which employs side-pumped oscillator and pre-amplifier cells, followed by an end-pumped final amplifier cell (note that there is no output coupler). Dye laser energy efficiency is as high as 10%. For this work, two dye mixtures have been utilized; a moderate bandwidth mixture for measurements of rotational temperature (T rot ), and a broader bandwidth mixture for measurements of the vibrational distribution function (VDF). The moderate bandwidth mixture is Rhodamine 640 (R640) and Kiton Red 620 (KR620) dissolved in methanol, similar to that used in prior work, which provides broadband output centred near 607 nm, with a full width at half maximum (FWHM) of approximately 5-6 nm. The mixture providing broader bandwidth is a solution of Pyrromethene 597 (PM597) and Pyrromethene 650 (PM650), following the work of Tedder et al (2011) . The mixture produces very broad output, covering a range of ∼570-610 nm. For this work the full range of this mixture exceeded what was necessary (wasting dye laser output energy), so a dichroic filter, Semrock LM01-552, was inserted between the pre-amp and final amplifier cells. The mirror was tuned to a very shallow angle, ∼10
• , to enhance gain in the red end of the spectrum. The result is a Stokes beam centred near 600 nm, with a FWHM of approximately 11 nm. Figure 7 shows the NRB profile produced by this Stokes laser beam, along with the spectral locations of the first 11 vibrational levels of nitrogen. As can be seen, there is sufficient laser bandwidth to capture this many levels and more, if they are present in sufficient populations. Centering the spectral profile to coincide with probing high vibrational levels is intentional in order to provide greater sensitivity for these levels, which have significantly lower population than the ground level.
Vibrational energy loading and transfer model
The 
). The rates of electron impact excitation processes, such as
and
are predicted by the two-term expansion Boltzmann equation solver as functions of the reduced electric field, E/N (Aleksandrov et al 1981a (Aleksandrov et al , 1981b . State-specific vibrational kinetics of nitrogen is analysed using a master equation for vibrational levels v = 0-45 of N 2 molecule in the ground electronic state, while vibrational disequilibrium of O 2 and NO molecules is considered using a harmonic oscillator approximation, using a single equation for vibrational energy of each of these species. This approach is justified based on recent N 2 and O 2 vibrational level population measurements in a nanosecond pulse discharge filament in air by spontaneous Raman scattering (Lo et al 2012) , showing much less significant vibrational non-equilibrium in oxygen, compared to nitrogen. Along with electron impact excitation, vibrational level populations of the three major diatomic species are controlled by V-V and V-T energy transfer,
with single-quantum processes dominating at relatively low temperatures achieved in the present experiments. The statespecific V-V and V-T rates are taken from the literature (see Adamovich et al (1995) and references therein). In particular, key rates for V-V energy transfer for N 2 -N 2 are taken from three-dimensional semiclassical trajectory calculations (Billing and Fisher 1979) , which are in good agreement with V-V rates in nitrogen measured by stimulated Raman pumping (Ahn et al 2004) . The rates of another critical process, V-T relaxation of N 2 by O atoms, are calculated using experimental data over a wide range of temperatures (Breshears et al 1968 , McNeal et al 1972 , Eckstrom 1973 , with vibrational level scaling predicted by a one-dimensional semiclassical theory (Bray 1968, Rapp and Kassal 1969) , k 10 (N 2 -O)≈ 3 × 10 −15 cm 3 s −1 at T = 300 K. N 2 V-T relaxation rates by N atoms are assumed to be the same as by O atoms. Note that this assumption considerably exceeds the N 2 -N V-T rates compared with recent theoretical predictions for low temperatures and low vibrational quantum numbers (Esposito and Capitelli 2006) ; the experimental data are not available. However, N atoms mole fraction in air plasma at the present conditions is expected to be much smaller compared to that of O atoms. The rate of N 2 vibrational relaxation by energy transfer to ozone is estimated based on the results of kinetic modelling of a plane-to-plane discharge in air (see section 4.1).
Rate coefficients of chemical reactions are taken from NIST Chemical Kinetics Database 1 . The coupling between vibrational excitation of diatomic species and state-specific rates of chemical reactions, such as Zel'dovich reactions of NO formation,
is taken into account using the state-specific statistical prior rates, k(v → w, T ), calculated following the approach described in (Pollak 1977) . The rates of collisional quenching of excited electronic states, including reactive quenching, such as
were taken from the literature (e.g. see Kossyi et al (1992) and references therein).
The model in its baseline form did not incorporate energy transfer processes from electronically excited N 2 molecules to the vibrational energy mode of the ground electronic state, such as suggested to occur in energy pooling processes, Devyatov et al 1986) . Experimental data on rates of E-V processes are very scarce, and state-specific rates necessary to predict N 2 vibrational level populations are not available. The effect of E-V coupling on time-resolved N 2 vibrational populations and temperature at the present experimental conditions is discussed in section 4, using a phenomenological E-V energy transfer model.
In the present work, the model has been used to study vibrational energy loading and energy transfer in two discharge configurations, (i) a plane-to-plane nanosecond pulsed discharge with both electrodes covered by dielectric plates, and (ii) a point-to-point nanosecond pulse discharge between two bare metal spherical electrodes. In the first configuration, uniform and diffuse plasmas are generated in nitrogen and air, initially at room temperature and pressures up to P ∼ 100 Torr (Takashima et al 2013) . In the second configuration, which is the main focus of the present work, a single diffuse filament discharge is generated in nitrogen and air, also initially at room temperature and at P ∼ 100 Torr. For the planeto-plane dielectric barrier discharge, a separate quasi-onedimensional nanosecond pulse discharge model described in detail in , Takashima et al 2013 is used to predict the reduced electric field and the electron density in the plasma, for a given experimental nanosecond pulse voltage waveform. The model predictions are in good agreement with the measurements of coupled discharge pulse energy over a wide range of pressures, pulse repetition rates, and voltage waveforms (Takashima et al 2013) . For the point-to-point discharge between bare electrodes, the reduced electric field and the electron density in the plasma are inferred from the experimental voltage and current waveforms, using the discharge filament diameter found from ICCD images of the plasma, as will be discussed in section 4 below. The cathode voltage fall was estimated from the discharge current assuming that a quasi-steady state, abnormal glow discharge develops between the electrodes during the high-voltage pulse (Raizer 1991) . At the present conditions (P = 100 Torr, peak current I c ∼ 50 A, discharge filament diameter d ∼3 mm), peak cathode voltage fall is estimated to be V c ≈ 1.0 kV. To calculate the electric field in the filament, the cathode fall is subtracted from the discharge voltage.
The calculations are done assuming constant pressure conditions. In the present quasi-zero-dimensional model, the rate of filament cooling after the discharge pulse is calculated from the characteristic time for diffusion, estimated based on the measured filament radius and the diffusion coefficient,
Results and discussion
Plane-to-plane discharge studies
Vibrational energy loading in the plane-to-plane geometry, double dielectric barrier discharge, shown in figures 1 and 2, Figure 8 . Experimental pulse voltage waveform (including reflected pulses) with a Gaussian fit, reduced electric field in the plasma, and electron density in the plasma predicted by the ns pulse discharge model (Takashima et al 2013) at the conditions of figure 2 (air, P = 100 Torr).
has been studied in air at P = 100 Torr and initial temperature of T 0 = 300 K. The applied voltage pulse waveform measured at these conditions, as well as a Gaussian fit used for the modelling calculations, are shown in figure 8 . Multiple voltage peaks that can be seen in figure 8 are due to the incident highvoltage pulse reflections off the load and the pulse generator (Takashima et al 2013) . Figure 8 also plots the reduced electric field and electron density in the plasma, predicted by the ns pulse discharge model developed in our previous work , Takashima et al 2013 . As discussed in (Takashima et al 2013) , the electric field in the plasma after breakdown is controlled by the rate of applied field variation, generating 'lobes' of reduced electric field in the range of E/N ∼ 20-50 Td, much lower than peak E/N value achieved before breakdown, E/N peak ∼ 500-600 Td (see figure 8 ). This effect results in significant energy loading into the N 2 vibrational energy mode.
In the experiments, bursts of 40-150 discharge pulses at pulse repetition rate ν = 10 kHz were investigated by vibrational CARS, with spectra obtained 4 µs after the last pulse in each burst. Vibrational energy loading data as a function of number of pulses in the burst is shown in figure 9 , in which the time axis represents the duration of the burst (10 pulses/ms). Focusing initially on the experimental data, it can be seen that vibrational energy per N 2 molecule increases approximately linearly with number of pulses in the burst for up to ∼100 pulses, after which it levels off at an average value of ∼22 meV molecule. The near steady-state vibrational energy value is presumably controlled by a balance between the rate of vibrational excitation by electron impact and vibrational relaxation (dominated by atomic oxygen and ozone formation). The first level vibrational temperature, T v 01 , defined as where θ vib = 3353 K is the energy difference between vibrational levels v = 0 and v = 1 of N 2 , and f 0 and f 1 are their relative populations, is observed to behave similarly (see figure 9 ). For a burst of 40 pulses (t = 4 ms), the observed value of T v 01 is ∼900 K. For bursts larger than 100 pulses (t > 10 ms), vibrational temperature levels off near T v 01 ∼ 1250 K. Modelling predictions for both the vibrational energy loading per molecule and the vibrational temperature are also shown in figure 9 . Energy coupled to the plasma by every discharge pulse during the burst predicted by the model, approximately 0.45 meV/molecule/pulse (2.1 mJ/pulse for the discharge volume of 9 cm 3 ), is in good agreement with coupled pulse energy measurements at these conditions (1.6 mJ for the incident pulse only, 2.5 mJ/pulse for incident and all reflected pulses, Takashima et al 2013) .
Focusing on short bursts, where vibrational relaxation remains insignificant, it can be seen that approximately 50% of the total coupled pulse energy is predicted to excite the nitrogen vibrational mode. It can also be seen that the trend measured in the experimental data matches the model predictions closely, although the model appears to slightly overpredict both the vibrational energy per molecule and vibrational temperature for long bursts (see figure 9 ). This overprediction is likely due to the net rate of nitrogen vibrational relaxation in non-equilibrium air plasma being somewhat underestimated in the model. 
10
−4 , is in good agreement with our previous measurements of absolute O atom number density in a nanosecond pulse discharge of the same geometry by two-photon absorption laser induced fluorescence (TALIF, Uddi et al 2009b) . At these conditions, N 2 vibration relaxation occurs primarily in collisions with O atoms and ozone. The rate of V-V energy transfer from N 2 to O 3 , which likely occurs by near-resonance V-V processes
inferred from the experiment using kinetic modelling is k VV (N 2 -O 3 ) = 5 × 10 −14 cm 3 s −1 (Klopovskii et al 1995) . However, the use of this rate results in dramatic underprediction of N 2 vibrational temperature during the burst, suggesting that the net rate of N 2 vibrational relaxation by ozone at the present conditions may be significantly slower. In the present work, good agreement with the measured vibrational temperature of nitrogen was obtained for a significantly lower rate, k VV (N 2 -O 3 ) ∼ 3 × 10 −15 cm 3 s −1 . In addition to observation of vibrational loading, vibrational energy relaxation after the last pulse in a burst has been investigated. Figure 11 compares experimental data with the model predictions for one representative case, air at P = 100 Torr with initial temperature T 0 = 300 K and burst duration of 100 pulses. As can be seen, the experimentally measured vibrational energy decay is somewhat more rapid than the prediction of the model, again likely due to vibrational relaxation rate being somewhat underestimated by the model. The translational-rotational temperature rise during and after the discharge burst, predicted by the model, is relatively modest, approximately 0.8 K/pulse (∼80 K over the burst of 100 pulses), and was found to be in agreement with CARS rotational temperature rise measurements, ∼50 K over 100 pulses (not plotted in figure 11 ).
Pin-to-pin discharge studies
CARS data processing and measurement uncertainty.
In order to assess the precision and accuracy of the CARS rotational temperature measurement, a set of eighty 100-shot averaged spectra were obtained in the diffuse single filament discharge cell filled with dry air at P = 100 Torr and ambient temperature, T ∼ 300 K. For baseline purposes, the discharge was not initiated and care was taken to avoid Stark broadening which results in an artificial increase in the inferred rotational temperature. Figure 12 shows a typical spectrum, plotted as the square root of the normalized signal intensity. The partial resolution of the rotational structure is clearly evident. Also plotted is the least-squares fit obtained from the Sandia CARS code, which in this case returned a best fit temperature of 300 K. While there is some systematic difference between the experimental spectrum and the best fit, particularly in the vicinity of the band head above ∼2330 cm −1 , the overall quality of the fit is quite good. As a more quantitative assessment, figure 13 shows a histogram of the 80 spectra obtained under identical conditions to that of figure 12. The mean value of the distribution is 302 K with a 2σ standard deviation of 9.2 K, or ∼3% of the mean. While not confirmed, it is anticipated that the fractional uncertainty in rotational temperature would, if anything, improve with increasing temperature due to the increasing population of higher vibrational levels which are more readily resolved in the Q-branch spectra. Figure 14 (upper-left) shows three sample vibrational CARS spectra captured in the 100 Torr nitrogen discharge, at delays of 100 ns, 1 µs and 10 µs after the beginning of the ∼125 ns duration current pulse. The spectra shown are from the 'high-current' case (entry #3 in table 1), however they represent typical behaviour observed for all conditions. As the spectra show, extreme vibrational excitation is observed, with vibrational levels v = 0-9 visible here. The plot on the right hand side of the figure shows the same spectra for the 100 ns and 1 µs delays, zoomed in to show that the higher vibrational levels are readily apparent. The spectra captured for this portion of the study were 600-shot accumulations. As previously mentioned, there are several steps in the data processing of these low-resolution vibrational spectra. A background subtraction is first performed, removing from the raw spectra any light from the discharge emission that may be present. Because the camera used for this work is nonintensified, the shortest exposure time possible is on the order Upper: sample spectra, P 0 = 100 Torr N 2 , 'high current' mode; spectra captured 100 ns, 1 µs and 10 µs after the beginning of the discharge pulse. Lower: illustration of the line fitting and numerical integration technique used for low resolution vibrational spectra.
of ∼600 µs. Additionally, because the exposure rising edge is not extremely fast, discharge emission is visible in the spectra captured within 200 µs of the ns pulser firing, while spectra captured outside of this window do not exhibit any background luminosity. The spectra are then normalized by the NRB profile, and then the square root of the intensity is taken, accounting for the quadratic dependence on number density. Due to the relatively low resolution of these spectra, some overlap of the individual vibrational bands occurs. A curve fitting procedure is used to account for this, which is illustrated in the lower plot of figure 14. Each peak in the spectra is modeled as a sum of a Gaussian and Lorentzian function, producing a pseudo-Voigt profile (blue dashed lines in the plot). A sum of these curves (red solid line) is then leastsquares fitted with the spectral data (black circles), with line position, spectral width, and intensity as adjustable parameters for each individual transition. While constraints are placed on the line position to prevent the least-squares fitting routine from accidentally moving away from the peaks, this has no real effect on the fitting procedure. After least-squares fitting, the fit for each of the individual transitions is numerically integrated and result divided by v + 1, the harmonic oscillator scaling of the Raman cross section. The scaled intensities, corrected to account for population difference, are normalized to 1, resulting in the experimental vibrational distribution function.
Pin-to-pin discharge results.
As discussed in section 2, and as will become clear in the following discussion, accurate determination of the filament size is extremely important as it directly impacts specific energy loading (meV/molecule), a key experimental variable. In the present work, two methods were used to estimate the discharge filament size, ICCD imaging of the discharge emission (see figure 4) and spatially-resolved CARS measurements. The results of ICCD imaging for the low power 100 Torr nitrogen case (entry #1 in table 1) can be seen on the left in figure 15 , showing a single-pulse image, taken during the discharge pulse with a 100 ns camera gate. For measurements by CARS, the position of the discharge electrodes was scanned relative to the CARS interrogation volume, with spectra collected at 200 µm radial intervals. The spectra are processed, as described above, and the first level vibrational temperature is measured across the discharge Figure 15 . Left: ICCD image of a ns pulse filament discharge in nitrogen at P = 100 Torr (pulser input DC voltage 430 V, camera gate 100 ns, single pulse); right: first level N 2 vibrational temperature profile measured 100 µs after the discharge pulse. Figure 16 . Experimental pulse voltage, current, and coupled energy waveforms in a point-to-point, single-pulse discharge in air at the conditions of figure 4 (air, P = 100 Torr), Dashed line shows coupled pulse energy predicted by the model using fits to the current and voltage traces.
filament. This was done at the same discharge conditions as the ICCD imaging, with a 100 µs delay between the discharge and laser firing. The results of this analysis can be seen in the plot on the right in figure 15 . As can be seen, both the ICCD imaging and the spatially-resolved first level vibrational temperature measurements yield very similar results, with FWHM of the filament for this condition equal to about 2 mm. Note that for this low-power case, no filament expansion after the pulse was detected in ICCD images, unlike in high-power cases such as shown in figure 4 . Figure 16 plots experimental pulse voltage, current, and coupled energy waveforms in a point-to-point, single-pulse discharge in air at P = 100 Torr, T 0 = 300 K for entry #5 in table 1. The dashed line shows the coupled pulse energy predicted by the model using fits to the experimental current and voltage traces. Total energy coupled per pulse is approximately 14 mJ. Figure 17 shows profiles of reduced electric field and electron density used by the model to predict experimental voltage, current, and coupled energy waveforms plotted in figure 16 . To calculate the electron density, we used the discharge filament diameter obtained from ICCD images such as shown in figure 4, d ≈ 3 mm for this case. From figure 17, it can be seen that during the main part of the discharge pulse, the reduced electric field, E/N is approximately 100 Td, i.e. in a range where a significant fraction of input energy, ∼50%, goes to vibrational excitation of nitrogen. The solid curves in figure 18 plot discharge energy loading per molecule and energy into the N 2 vibrational mode predicted by the model, illustrating that approximately 40% of total pulse coupled energy is loaded into nitrogen vibrations. Figure 18 also compares the experimental and the predicted total number of vibrational quanta per N 2 molecule in levels v = 0-9 during and after the discharge pulse at these conditions,
As shown in figure 18 , the number of quanta increases after the discharge pulse (i.e. at t > 100 ns) by about ∼60%, peaking at t ∼ 10 µs after the pulse, and then decaying. Basically, these data suggest that additional energy is loaded into the vibrational mode after the discharge pulse. This effect was detected previously by CARS measurements of N 2 (v = 0-4) vibrational populations in nitrogen (Devyatov et al 1986) . This trend is clearly at variance with the kinetic model, which predicts the number of quanta to remain nearly steady for up to t ∼ 10 µs after the pulse (since V-V exchange among nitrogen molecules conserves the number of quanta in N 2 vibrational mode), with subsequent reduction due to V-T relaxation by O atoms. Figure 19 , which plots translational/rotational temperature, T , and first level N 2 vibrational temperature, T v 01 , at these conditions, shows that T v 01 continues to increase after the pulse, reaching a peak value of T v 01 ∼ 2900 K at t ∼ 100 µs, with subsequent reduction (a trend well reproduced by the model). On the other hand, rotational temperature after the pulse remains relatively flat, T ∼ 450 K, with a well-pronounced rise to T ∼ 850 K at t = 100-500 µs (most likely due to N 2 vibrational relaxation by O atoms). The model considerably overpredicts the rotational temperature rise after the pulse (t ∼ 0.1-1 µs), by up to ∼50%, until t ∼ 500 µs, indicating that a significantly lower net fraction of discharge input energy thermalizes on this time scale. Note that in the calculations the pressure is assumed to be constant, while in the experiment rapid heating of the discharge filament produces a compression wave, which was clearly visible in phase-locked schlieren images taken at t = 1-10 µs (not reproduced here due to space limitations). Therefore, the model somewhat underestimates the transient temperature rise in the filament on this time scale. This fact, along with lower vibrational energy loading after the pulse predicted by the model (see figure 18 ), suggests that a significant fraction of energy stored in excited electronic species by electron impact (reaction of equation (2)) is transferred to N 2 (X 1 , v) vibrational energy mode, rather than to heat, during collisional quenching (e.g. reactions of equations (13) and (14)) and recombination. Figure 20, showing N 2 vibrational level populations, v = 0-9, illustrates this trend in greater detail. The model predictions are in good agreement with the experiments for short time delays after the beginning of the discharge pulse, t = 50 ns-1 µs (see figure 20(a) ), indicating that vibrational excitation by electron impact is modeled correctly. However, at t = 1-100 µs, the model predicts significant depopulation of high vibrational levels, v = 3-9, a trend opposite to the one observed in the experiment (see figures 20(b) and (c)). Note that over this period of time, the number of vibrational quanta per N 2 molecule predicted by the model remains nearly constant (see figure 18) . Basically, this indicates that V-T relaxation at these conditions remains insignificant and the predicted v = 3-9 depopulation is primarily due to N 2 -N 2 V-V exchange, which conserves vibrational quanta. The trend observed in the experiment, however, is significant N 2 (v = 2,3) overpopulation which occurs without depopulating levels v = 4-8 (in fact, at t = 1-10 µs their populations also increase, as can be seen in figure 20(b) ). This suggests that overpopulation after the pulse occurs either by V-V exchange with higher vibrational levels, v > 8, which have not been detected in the present experiments, or by an additional energy transfer process into N 2 (X, v) from other molecular energy modes. Finally, figure 21, which plots experimental and predicted N 2 (v = 0-4) vibrational level populations at these conditions, demonstrates again that the model considerably underpredicts the rise of v = 2-4 populations after the pulse, on the time scale of t = 1-100 µs, although the agreement with experimental v = 1 population is rather close (also see figure 19 plotting first level vibrational temperature). Figure 22 plots mole fractions of dominant species in their ground and excited electronic states, predicted by the model at these conditions. As discussed above, O atoms are formed by electron impact dissociation of O 2 and by quenching of electronically excited nitrogen. N atoms are generated by electron impact dissociation of N 2 , and NO is formed primarily by the second Zel'dovich reaction (7). At the elevated temperatures in the discharge filament, ozone formation is insignificant. Electronically excited nitrogen molecules generated by electron impact during the pulse,
, and are quenched within ∼1 µs after the pulse (see figure 22) .
The effect of excitation of higher vibrational levels, v > 8, which may well be populated by electron impact during the discharge pulse, on N 2 (v = 0-8) populations after the pulse was estimated in the following way. For this, the model of vibrational excitation by electron impact (see equation (1)) was modified to include excitation processes from v > 0,
The cross sections of these processes were estimated from the baseline cross sections (Aleksandrov et al 1981a (Aleksandrov et al , 1981b by shifting the energy threshold, σ v→w (ε) = σ 0→v−w (ε − ε vib ), where ε is the electron energy and ε vib = ε v −ε w −ε v−w is the vibrational energy difference (Dyatko et al 1993) . For w > 8, σ 0→w cross sections were estimated using the results of (Huo et al 1987) . Although incorporating these processes resulted in a significant increase on N 2 (v > 8) populations compared to the baseline case, this produced weak effect on N 2 (v = 0-8) populations and almost no effect on the total number of quanta during the relaxation. We conclude that direct electron impact vibrational excitation of high vibrational levels, with their subsequent relaxation, is unlikely to be a major effect at the present conditions. The kinetic mechanism by which additional energy is loaded into the vibrational mode after the discharge pulse (i.e. not by electron impact) remains uncertain. It is unlikely that N atom recombination contributes to N 2 (X 1 , v) vibrational excitation, both because the characteristic recombination time is very long, τ rec ∼ 1/k rec [N] [M] ∼5 ms at the present conditions, and because N atoms are consumed primarily by the second Zel'dovich reaction (7), forming NO. On the other hand, energy transfer from electronically excited N 2 molecules to the high vibrational levels of the ground electronic state during their collisional quenching, such as the reaction of equation (8), appears a likely possibility. Indeed, peak energy stored in N 2 (A 3 ) state, at t = 100 ns (see figure 22 ) is ∼0.1 eV/molecule. This corresponds to ∼0.3 vibrational quanta per N 2 molecule if all this energy is transferred to the vibrational mode of the ground electronic state, consistent with N quanta rise measured in the experiment (see figure 18 ). However, a significant fraction of energy stored in N 2 excited electronic states may be spent on O 2 dissociation, such as in reaction of equation (8). Additional absolute measurements of N 2 (A 3 ) are needed to test this hypothesis. Comparison of the experimental results and the modelling calculations in nitrogen is shown in figures 23-27. Qualitatively, the results are similar to the ones observed in air. Pulse peak voltage and current, as well as coupled pulse energy, 11.5 mJ/pulse, are close to that measured in air, with approximately 30% of input energy loaded into N 2 vibrational mode (see figure 23) . In this case, however, the number of vibrational quanta per molecule after the discharge pulse increases by a factor of 3 at t ∼ 10 µs, as shown in figure 23, while the model again predicts N quanta to remain nearly constant until t ∼ 100 µs. Also, the model considerably underpredicts peak N 2 vibrational temperature and overpredicts translational/rotational temperature in the entire range of time delays after the discharge pulse (see figure 24) . Thus, the effect of additional energy loading into the N 2 vibrational mode, at the expense of translational/rotational mode, becomes even more pronounced than in air (compare figures 19 and 24). In fact, the experimental data suggest that approximately 70-75% of the total input pulse energy is accumulated in N 2 vibrational energy mode at t ∼ 10-100 µs after the pulse (see figure 23 , noting that N quanta is approximately proportional to ε vib ). Compared to air, in nitrogen the model predicts more transient energy storage in electronically excited molecules, N 2 (A 3 ), N 2 (B 3 ), N 2 (C 3 ), and N 2 (a 1 ) (compare peak mole fraction of these species in figures 22 and 25). Note that a larger fraction of this energy can be transferred from electronically excited molecules to N 2 (X 1 ,v) vibrational excitation during quenching, due to much lower energy loss to dissociation compared to air.
Figures 26 and 27 illustrate the process of additional energy loading into N 2 (X 1 ,v) vibrational mode after the discharge pulse in greater detail. Again, figure 26(a) shows fairly good agreement between the experimental and the predicted N 2 vibrational level populations at t = 50 ns-1 µs, similar to air. However, at t = 2-10 µs, the model fails to reproduce significant rise of all excited vibrational level populations measured, v = 1-8 (see figure 26(b) ). At t = 10 µs-1 ms, the model predicts nearly complete relaxation of vibrational levels v = 3-8 by V-V exchange in N 2 -N 2 collisions, although much slower relaxation is observed in the experiment (see figure 26(c) ). Finally, figure 27, which plots experimental and predicted N 2 (v = 0-4) vibrational level populations at these conditions, demonstrates again that the rise of v = 2-4 populations, detected in the experiment at t ∼ 1-10 µs, is almost completely absent from the model. Summarizing, the results of measurements and kinetic modelling in nitrogen strongly suggest that collisional quenching of excited electronic states of N 2 , generated by electron impact during the discharge, results in significant additional vibrational excitation of the ground electronic state, with fairly modest energy fraction thermalized as heat.
To provide an estimate of how E-V coupling would affect time-resolved, ground electronic state N 2 vibrational level populations and rotational/translational temperature in the nitrogen plasma, the kinetic model was modified to allow for N 2 (X) vibrational excitation during collisional quenching of excited electronic states N 2 (C 3 ), N 2 (B 3 ), and N 2 (a 1 ), such as
and during N 2 (A 3 ) energy pooling reactions, such as
Since state-specific rate coefficients of these processes, k(→v), are unknown, they were calculated using a phenomenological scaling model,
where k(T ) is the net quenching rate coefficient, α is an adjustable E-V coupling parameter, ε(X, v) is the energy of vibrational level v, andε vib is the average energy going into vibrational mode of N 2 (X). For every quenching and pooling reaction such as given by equations (13) and (14), the value of the adjustable parameter α in equation (15) was chosen to have the same fraction of energy defect, 30%, going to N 2 (X) vibrational mode. The results of these parametric calculations in nitrogen are shown in figures 28-31. From figures 28 and 29, it can be seen that incorporating E-V coupling in quenching/pooling reactions results in additional vibrational excitation and less significant heating after the discharge pulse, compared to the baseline model. Coupling 30% of energy defect to N 2 vibrational mode provides reasonably good agreement with peak values of vibrational quanta per N 2 molecule, first level vibrational temperature, and rotational temperature. On the other hand, using this assumption results in overpredicting these parameters on the short time scale, ∼0.1-2 µs after the pulse. This effect is further illustrated in figures 30 and 31, which show that the model with 30% E-V coupling considerably overpredicts N 2 vibrational level populations at t ∼ 0.1-2 µs. However, much better agreement with the experiment is achieved on the long time scale, t ∼ 2 µs-10 ms (compare figures 30 and 31 with figures 26 and 27). These results demonstrate that E-V coupling, with significant energy fraction going to N 2 vibrational mode and smaller energy fraction thermalized during quenching/pooling processes, allows qualitative interpretation of the present experimental results. On the other hand, a simple phenomenological E-V coupling model used does not provide quantitative agreement with measured N 2 vibrational level populations on the short time scale after the pulse (see figures 28, 30(a) and 31). This shows the need for development of advanced theoretical models of E-V energy transfer in collisional quenching and pooling processes in nitrogen, as well as their experimental validation using further time-resolved vibrational population and temperature measurements.
Conclusions
Picosecond coherent anti-Stokes Raman spectroscopy has been used to study vibrational energy loading and relaxation kinetics in nitrogen and air ns pulsed non-equilibrium plasmas, in both plane-to-plane and pin-to-pin geometries. In a repetitively pulsed (ν = 10 kHz), plane-to-plane nanosecond discharge, measurements of translational/rotational and vibrational temperatures, combined with coupled discharge pulse energy measurements have demonstrated that approximately 50% of coupled discharge power goes to electron impact excitation of the vibrational mode of nitrogen. This result is in good agreement with predictions of master equation kinetic model incorporating key energy transfer processes, including vibrational and electronic excitation and dissociation by electron impact, vibration-translation and vibration-vibration energy transfer, electronic state collisional quenching and radiative decay, and non-equilibrium air chemistry. For relatively short discharge bursts, up to ∼100 pulses (10 ms burst duration), nitrogen vibrational temperature is found to increase approximately linearly with the number of pulses, from T v = 300 K to ∼1200 K. Vibrational relaxation after the burst is found to occur somewhat more rapidly than predicted, due to an underestimation of the net N 2 vibrational relaxation rate in the mixture, which is likely controlled by V-V energy transfer to ozone with its subsequent V-T relaxation. Pin-to-pin studies have been performed in a new diffuse, single filament discharge which utilizes a pair of bare copper spherical electrodes 7.5 mm in diameter and creates stable plasmas with high specific energy loading (∼hundreds of meV/molecule), with spatial dimensions sufficiently large to readily enable optical diagnostic studies and to have negligible mass diffusion effects. Using a combination of low and high spectral resolution enables determination, by CARS, of rotational/translational temperature and vibrational distribution function for levels as high as v ∼ 20, although only levels v = 0-9 were observed to have population exceeding the sensitivity limit. Upon application of a single ∼100 ns duration discharge pulse, approximately 40% of total discharge input energy (∼160 out of 370 meV/molecule) in air at 100 Torr is coupled directly to nitrogen vibration by electron impact, a result in good agreement with discharge modelling predictions. Post-discharge, in addition to an increase in first level vibrational temperature by as much as a factor of 2 in air and a factor of 2.5 in nitrogen, the total quanta in vibrational levels v = 0-9 is found to increase by ∼60% in air (from 0.5 to 0.8) and a factor of ∼3 in nitrogen (from 0.25 to 0.75), at time delays ∼1-10 µs after the discharge pulse. This is in direct contrast to modelling results, which predict the total number of quanta to be essentially constant for times up to ∼10-100 µs after the pulse, and then slowly decay thereafter. More detailed comparison between experiment and model shows that the VDF predicted by the model during, and directly after, the discharge pulse is in good agreement with that determined experimentally. However, for time delays exceeding ∼1 µs, the experimental VDF shows populations of vibrational levels v 2 greatly exceeding modelling predictions, which predict their predominant decay due to net downward V-V energy transfer and corresponding increase in v = 1 population. This is at variance with the experimental results, which show a significant monotonic increase in the populations of levels v = 2-9 at t ∼ 1-10 µs after the discharge pulse, both in nitrogen and air, before gradually switching to relaxation at t ∼ 10-100 µs. It is concluded that a collisional process is highly likely to be feeding high vibrational levels at a rate which is comparable to the rate at which population of the high levels is lost due to net downward V-V energy transfer. A likely candidate for the source of additional vibrational quanta is quenching of metastable electronic states of nitrogen to highly excited vibrational levels of the ground electronic state. Indeed, the effect of electronic-vibrational (E-V) coupling on time-resolved N 2 vibrational populations and temperature, estimated using a phenomenological E-V energy transfer model, provides qualitative interpretation of the present experimental results in nitrogen. Further theoretical and experimental studies of E-V energy transfer during collisional quenching and pooling processes in nitrogen are needed to quantify its effect on energy balance in nanosecond pulse discharges. Also, more detailed kinetic modelling calculations, incorporating dynamics of the discharge filament development and expansion, are needed to reduce the uncertainty associated with the choice of the effective filament diameter.
